The effects of O 3 and/or chronic mild water stress on photosynthetic characteristics and leaf antioxidative systems of Fagus crenata seedlings were investigated. The seedlings were exposed to charcoal-filtered air or 60 nmol mol -1 O 3 for two growing seasons. In each gas treatment, the seedlings were received 250 ml (well-watered) or 175 ml (water-stressed) of water at 3-day intervals during the growth period. The O 3 significantly reduced net photosynthetic rate, Rubisco concentration and chlorophyll concentration without stomatal closure, and significantly increased ascorbate concentration in the leaves of the seedlings. On the other hand, the water stress significantly reduced net photosynthetic rate and stomatal diffusive conductance to water vapor without significant reductions in the concentrations of Rubisco and chlorophyll, and significantly increased glutathione concentration in the leaves of the seedlings. Significant antagonistic effects of O 3 and water stress were detected on net photosynthetic rate of the seedlings in September and October. In conclusion, because chronic mild water stress induces not only stomatal closure, but also increase of leaf glutathione concentration, the extent of the negative effects of O 3 on net photosynthesis of Fagus crenata is less under the water-stressed condition than under the well-watered condition.
Introduction
Tropospheric ozone (O 3 ) is considered to be one of the environmental stresses relating to tree dieback and/or forest decline (Sandermann et al., 1997) . Furthermore, relatively high concentrations of O 3 and water stress usually co-occur as major phytotoxic factors in forested areas, especially in spring and summer.
Fagus crenata is one of the most representative deciduous broad-leaved tree species native to Japan with high sensitivity to waster stress, and the decline of this tree species has been observed in several mountainous areas of Japan (Murai et al., 1991; Aihara et al., 2004) . In the Tanzawa Mountains in Kanagawa Prefecture, O 3 and water stress are considered to be important factors relating to forest decline of F. crenata (Aihara et al., 2004) . To confirm the possible factors inducing the decline, it is necessary to clarify the effects of ambient levels of O 3 and water stress, alone and in combination, on phenological characteristics, growth and physiological functions such as photosynthesis of F. crenata (Yonekura et al., 2001; Yonekura et al., 2004) . However, the combined effects of both stresses on leaf biochemical functions such as antioxidative systems of Japanese forest tree species are remain unclarified.
Reactive oxygen species (ROS) derived by O 3 induce a reduction in net photosynthetic rate (Pell et al., 1997) . On the other hand, mild water stress induces stomatal closure and production of ROS in leaves, and the concentration of antioxidants and/or activity of ROS-scavenging enzymes increase in leaves to remove ROS (Biehler and Fock, 1996; Kronfuss et al., 1998) . In the present study, therefore, we hypothesized that the extent of the negative effects of O 3 on net photosynthesis of F. crenata is less under the chronic mild water-stressed condition than under the well-watered condition. To test this hypothesis, we investigated the effects of O 3 and chronic mild water stress, singly and in combination, on photosynthetic characteristics and leaf antioxidative systems of F. crenata seedlings.
Materials and Methods
On 28 April 1999, three-year-old seedlings of beech (Fagus crenata Blume) were transplanted into 5.3 l pots filled with brown forest soil. Seedlings were grown in naturally lit growth chambers (Koito Co. Ltd., Japan) located at an experimental field of Tokyo University of Agriculture and Technology (Fuchu, Tokyo, Japan) from 28 April to 20 November 1999 and from 4 May to 8 November 2000. From 21 November 1999 to 3 May 2000, seedlings were grown under the field conditions at the experimental field. In the growth chambers, air temperature and relative air humidity were maintained at 20.0±1.0/15.0±1.0 ˚C (6:00-18:00/18:00-6:00) and 70± 5%, respectively.
The split-plot factorial experiment was designed as a randomized blocks design. The whole-plot treatment comprised two levels of O 3 replicated two times. The sub-plot treatment consisted of two levels of water supply in each O 3 treatment. The seedlings grown in two growth chambers were exposed daily to charcoal-filtered air (< 5 nmol mol -1 O 3 ), while the seedling grown in the other two growth chambers were exposed daily to 60±10 nmol mol -1 O 3 for 7 hours a day from 11:00 to 18:00. The O 3 was generated by an electrical discharge O 3 generator (MO-5A, Nippon Ozone Co., Japan) and then introduced into the growth chambers through a water trap to remove nitrogen by-products produced by the O 3 generator (Brown and Roberts, 1988) . Half of the seedlings in each growth chamber received 250 ml of water per pot at 3-day intervals (well-watered treatment). The remaining seedlings received 175 ml of water per pot at 3-day intervals (water-stressed treatment). The amount of irrigated water in the well-watered treatment was equivalent to average of the annual mean precipitation and that in the water-stressed treatment was equivalent to average of the annual mean of the three low precipitation years at ten forested areas of Japanese deciduous broad-leaved tree species such as F. crenata (Murai et al., 1991; National Astronomical Observatory, 1997) . These treatments were conducted for 195 days from 10 May to 20 November 1999 and 183 days from 10 May to 8 November 2000.
From May to October 2000, leaf gas exchange rates were measured with an infrared gas analyzer system (LCA-4, ADC Co. Ltd., UK). During the measurements, atmospheric CO 2 concentration, air temperature, relative air humidity and photosynthetic photon flux density in the leaf cuvette were maintained at 350±5 µmol mol -1 , 20.0±0.5 ˚C, 60±5% and 1200 µmol m -2 s -1 , respectively. The concentrations of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) and chlorophyll were determined according to the methods of Nakaji et al. (2001) . Ascorbate peroxidase (EC 1.11.1.11) activity was measured by the methods of Nakano and Asada (1981) .
The concentrations of ascorbate and glutathione were determined by the methods of Roe and Kuether (1943) and Griffith (1980) , respectively.
Results and Discussion
From August to October of the second growing season, O 3 caused a significant reduction in net photosynthetic rate at 350 µmol mol -1 CO 2 (A 350 ) of F. crenata seedlings (Fig. 1) . The O 3 significantly reduced the concentrations of Rubisco and chlorophyll, while the stomatal diffusive conductance to water vapor (Gs) was not significantly affected by O 3 from May to September (Fig. 2) . These results indicate that the O 3 -induced reduction in net photosynthetic rate was not due to stomatal closure, but rather to inhibition of photosynthetic activity in the chloroplasts. As shown in Fig. 3 , O 3 significantly increased total ascorbate concentration (reduced ascorbate and dehydroascorbate) in the leaves of the seedlings. On the other hand, no significant effects of O 3 were detected on the glutathione concentration and APX activity in the leaves. These results suggest that ascorbate was the main antioxidant relating to the defense mechanisms against the O 3 stress in the leaves. However, this increase was not sufficient to prevent ac Fig. 1 leaves. However, this increase was not sufficient to prevent the O 3 -induced negative effects on the concentrations of Rubisco and chlorophyll in the leaves.
The chronic mild water stress induced a significant reduction in the A 350 of F. crenata seedlings from July to October of the second growing season (Fig. 1) . The water stress caused a significant reduction in the Gs from July to October, but did not induce significant reductions in the concentrations of Rubisco and chlorophyll in the leaves (Fig. 2) . These results show that the water stress-induced reduction in the A 350 was mainly due to stomatal closure. As shown in Fig. 3 , total ascorbate and glutathione concentrations in the leaves were significantly increased by the water stress in May and from July to October, respectively. The APX activity in the leaves was significantly reduced by the water As shown in Fig. 3 , total ascorbate and glutathione concentrations in the leaves were significantly increased by the water stress in May and from July to October, respectively. The APX activity in the leaves was significantly reduced by the water stress in August. These results suggest that the chronic mild water stress stimulated the production of reactive oxygen species (ROS) and the concentration of antioxidants increased as a defense response to ROS in the leaves. Because the degree of the water stress-induced increase in glutathione concentration was greater than that in ascorbate concentration (Fig. 3) , glutathione is considered to be one of the main antioxidants against the water stress-induced ROS in the leaves. As a morphological effect, the chronic mild water stress caused a Rubisco (mg cm significant reduction in the specific leaf area of the seedlings (data not shown).
In the present study, significant antagonistic effects of O 3 and chronic mild water stress were detected on the A 350 of F. crenata seedlings in September and October of the second growing season, whereas no significant interaction of O 3 and water stress was detected on the concentrations of Rubisco and chlorophyll, Gs and antioxydative parameters (Figs. 1,  2 and 3) . The O 3 significantly reduced the A 350 of the seedlings grown in the well-watered treatment. However, the A 350 of the seedlings grown in the water-stressed treatment was not significantly reduced by O 3 (Fig. 1) . Several researchers have reported that water stress changes the extent of the negative effects of O 3 on plants and this phenomenon is closely related to the reduction in stomatal uptake of O 3 into the leaves (Karlsson et al., 1997) . In the present study, the uptake of O 3 into the leaves of F. crenata seedlings grown in the water-stressed treatment might have been less than that of the seedlings grown in the well-watered treatment, because the Gs was significantly reduced by the water stress (Fig. 2) . On the other hand, glutathione concentration in the leaves of the seedlings grown in the water-stressed treatment was significantly higher than that in the leaves of the seedlings grown in the well-watered treatment (Fig. 3) . Glutathione is one of the most important antioxidants in the cycle of ascorbate-glutathione pathway (Foyer and Halliwell, 1976) . In the leaves of F. crenata seedlings exposed to O 3 and chronic mild water stress, therefore, the water stress-induced increase of glutathione concentration may detoxicate ROS derived by O 3 and reduce the adverse effects of O 3 on net photosynthetic rate.
In conclusion, the results obtained in the present study support our hypothesis that the extent of the negative effects of O 3 on net photosynthesis of F. crenata is less under the chronic mild water-stressed condition than under the well-watered condition.
